Carbon isotopic data of interstitial dissolved CO 2 (ΣCO 2 ), CO 2 gas, and methane show that a variety of microbial diagenetic processes produce the observed isotopic trends. Anaerobic methane oxidation (AMO) is an important process near the sulfate-methane interface (SMI) that strongly influences the isotopic composition of ΣCO 2 in the sulfate reduction and upper methanogenic zones, which in turn impacts methane isotopic composition. Dissolved CO 2 and methane are maximally depleted in 13 C near the SMI, where δ 13 C values are as light as -31.8‰ and -101‰ PDB for ΣCO 2 and methane, respectively. CO 2 reduction links the CO 2 and methane pools in the methanogenic zone so that the carbon isotopic composition of both pools evolves in concert, generally showing increasing enrichments of 13 C with increasing depth. These isotopic trends mirror those within other methane-rich continental rise sediments worldwide.
INTRODUCTION
Early diagenetic processes occurring in the pore waters of deep-water, continental-margin sediments are typically mediated by microbial pop-W.S. BOROWSKI ET AL. CARBON ISOTOPIC COMPOSITION OF CO 2 , CO 2 GAS, AND METHANE 2 ulations. Microbes use various dissolved species to oxidize sedimentary organic matter resulting in modification of the concentration and isotopic composition of dissolved pore-water constituents by removing needed substrates, adding metabolic by-products, and creating a reactive chemical environment (e.g., Richards, 1965; Gieskes, 1981) . Carbon transformations particularly reveal these fundamental processes, as organic carbon from sedimentary organic matter is ultimately transformed into CO 2 and methane, passing through a cascade of intermediate steps (generally called fermentation reactions).
Terminal carbon transformations of methane-rich diagenetic environments of the world's deep-water continental margins involve several diagenetic processes that are linked by common substrates and/or products. Sulfate reducers utilize interstitial sulfate to oxidize sedimentary organic matter and produce CO 2 , which dominantly exists in marine pore waters as bicarbonate . Deeper in the sedimentary section, anaerobic methane oxidation and methanogenesis occur to further affect the concentration and isotopic composition of dissolved CO 2 (ΣCO 2 or dissolved inorganic carbon) and methane.
Anaerobic Methane Oxidation
At the base of the sulfate reduction zone, microbially mediated anaerobic methane oxidation (AMO), CH 4 + SO 4 2-→ HCO 3 -+ HS -+ H 2 O, acting near the sulfate-methane interface (SMI), causes both sulfate and methane depletion (Reeburgh, 1976) . Deep-water marine sediments on continental margins often show linear sulfate profiles, suggestive of large amounts of sulfate consumption at the SMI caused by AMO (Borowski et al., 1996) . Borowski et al. (2000) estimate that at least 35% of interstitial sulfate is consumed by AMO in such settings, highlighting a significant role for AMO in deep-water diagenetic systems.
Carbon Cycling at the SMI
Carbon cycling is a demonstrably important process at the sulfatemethane interface and within the uppermost methanogenic zone of marine, deep-water continental margins. AMO strongly affects the carbon isotopic composition of the CO 2 and methane pools (Borowski et al., 1997) and also induces authigenic formation of carbonate minerals (e.g., Rodriguez et al., 2000) . Borowski et al. (1997) showed that AMO, operating over long time spans in an open diagenetic system, induces extreme 13 C depletions in both the CO 2 and methane pools. For example, at the Blake Ridge, pore water ΣCO 2 can be as depleted in 13 C as -38‰ PDB (Ocean Drilling Program [ODP] Site 995, Borowski et al., 2000) , signaling a large contribution of methane carbon to the CO 2 pool. Complementary 13 C depletions in the methane pool can be as large as -103‰ near the SMI (ODP Site 995, Hoehler et al., 2000) . These large 13 C depletions near the SMI ripple downward into the underlying sedimentary section. 13 C depletions within ΣCO 2 and methane occur within the upper methanogenic zone as a consequence of downward diffusion, and because 13 C-depleted ΣCO 2 is used as a substrate in methanogenesis (Claypool and Kaplan, 1974; Borowski et al., 1997; Paull et al., 2000) .
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Methanogenesis
Once pore-water sulfate nears depletion in marine sediments, microbially mediated methane production is favored so that dissolved methane concentrations rise in pore waters (Martens and Berner, 1974) . Geochemical data from the Blake Ridge, gathered from Deep Sea Drilling Project (DSDP) and ODP drilling, show a connection between the CO 2 and methane pools as methanogenesis occurs (e.g., Claypool and Kaplan, 1974; Claypool and Threlkeld, 1983; Galimov and Kvenvolden, 1983) . CO 2 reduction,
is probably the principal mechanism for biotic methane formation in marine sediments (Whiticar et al., 1986) , and the process links these two carbon pools within the methanogenic zone. The isotopic composition of interstitial methane and ΣCO 2 evolve in concert as 12 C is preferentially utilized from the ΣCO 2 pool for methane formation, causing the ΣCO 2 pool to become depleted in 12 C (yielding more positive, or heavy, δ 13 C values), whereas the methane pool is immediately enriched in 12 C (yielding very negative, or light, δ 13 C values), but progressively accumulates more 13 C with depth. However with increasing depth, the isotopic composition of ΣCO 2 and methane begin to diverge with ΣCO 2 becoming more enriched in 12 C, and methane showing little change in its δ 13 C values (e.g., ODP Sites 994, 995, and 997, Borowski et al., 2000; Paull et al., 2000) . In other words, the two carbon pools seem to decouple, suggesting a drop in the rate of CO 2 reduction, even though sediments are warming along a geothermal gradient .
Methane and CO 2 Advection
It is likely that a significant proportion of the interstitial methane in the deeper sedimentary section is derived not from in situ production but from methane and/or pore-water transport . Paull et al. (2000) suggest that upward transport of methane and CO 2 affects the carbon isotopic composition of both pools at the Blake Ridge. A model that uses a typical fractionation factor for CO 2 reduction (ΣCO 2 → CH 4 ), that progressively decreases microbial methane production with depth, and that adds methane and CO 2 to the lower sedimentary section from deeper below, mimicked typical isotopic profiles seen at the Blake Ridge.
Blake Ridge
The Blake Ridge region has long been a favored area for geochemical investigations because of its relative geologic simplicity and the presence of gas hydrates (DSDP Leg 11, Sites 102, 103, and 104, Hollister, Ewing, et al., 1972; DSDP Leg 76, Site 533, Sheridan, Gradstein, et al., 1983; and ODP Leg 164, Sites 994, 995, and 997, Paull, Matsumoto, Wallace, et al., 1996) (Fig. F1) . ODP Leg 172 continued investigations on the Blake Ridge (Sites 1054-1061) and included sites at the Bahama Ridge (Site 1062) and at the northeast Bermuda Rise (Site 1063) (Keigwin, Rio, Acton, et al., 1998 
METHODS
Sediments collected from ODP cores were sampled and processed using standard ODP methods, except that pore waters were sampled more frequently (approximately every 1.5 m) in the upper 50 m of the sedimentary section. Pore waters were extracted from sediments using a hydraulic sediment press (Manheim, 1966) and collected in air-tight syringes (Manheim and Sayles, 1974) . At Site 1059, 60-cm 3 syringes attached to Reeburgh-style squeezers (Reeburgh, 1967) were used to collect pore waters and interstitial gases from selected samples. This method has the advantage of collecting interstitial gases for isotopic measurements. Sulfate concentration was determined by ion chromatography, and alkalinity was measured by titration (Gieskes et al., 1991) . Methane concentrations were measured on board ship using headspace methods and employing a gas chromatograph fitted with a flame ionization detector (FID) (Kvenvolden and McDonald, 1985) . Methane concentration measurements gathered using headspace methods were normalized to pore-space volume (e.g., Paull, Matsumoto, Wallace, et al., 1996) . Pore-water aliquots for onshore ΣCO 2 measurements were stored immediately after squeezing in flame-sealed, air-tight ampoules.
Onshore, ΣCO 2 was separated and purified using cryogenic techniques (e.g., Craig, 1953) . Carbon-isotopic-composition measurements of ΣCO 2 are reported relative to the Peedee belemnite (PDB) standard, and were made using a Delta E mass spectrometer at North Carolina State University. The cumulative (vacuum line and mass spectrometer) accuracy and precision of isotopic measurements are ±0. 2‰ and ±0.06‰ (N. Blair, pers. comm., 1998) .
Methane and CO 2 gases were typically collected directly from core liners using a piercing tool that directed pressured gas into a 60-cm 3 syringe (e.g., Paull, Matsumoto, Wallace, et al., 1996) . Gas subsamples were taken from syringes, and gas composition and concentration was measured using a gas chromatograph fitted with an FID. Any remaining sample was transferred under water to 60-cm 3 serum bottles. In cases where there was insufficient sample to completely fill serum bottles, nitrogen gas was used to fill the bottles leaving only small amounts of water. Thus, contamination with ambient air was avoided. The bottles were sealed with rubber stoppers and metal crimp caps, inverted, and frozen for later measurement in an onshore laboratory.
Gas samples were stripped of their water onshore using cryogenic techniques (e.g., Craig, 1953) . CO 2 and methane gas fractions were then separated and δ 13 C of CO 2 gas and methane was measured using a Finnigan MAT 252 gas chromatograph-isotope ratio-mass spectrometer at the University of North Carolina at Chapel Hill following the methods of Merritt and Hayes (1995) and Popp et al. (1995) .
Sediment coring during ODP advanced piston coring often results in repeated coring of the same portion of the sedimentary section or lack of sediment recovery over a portion of the sedimentary section within the same hole. Coring of multiple holes at each site allowed a composite stratigraphic section to be constructed that is reported as meters cor-W.S. BOROWSKI ET AL. CARBON ISOTOPIC COMPOSITION OF CO 2 , CO 2 GAS, AND METHANE 5 rected depth (mcd) below the sediment-water interface (see Keigwin, Rio, Acton, et al., 1998) .
RESULTS
Tables T1 and T2 contain concentration and carbon isotopic data for the Carolina Rise (Sites 1054 and 1055), the Blake Ridge (Sites 1058-1061), the Bahama Ridge (Site 1062), and the northeast Bermuda Rise (Site 1063). Figure F2 shows representative concentration-depth profiles of sulfate, alkalinity, and ΣCO 2 , and δ 13 C of ΣCO 2 and methane at Sites 1058 and 1059, which were plotted as a single hole location and are referred to as Site 1058/1059. Figure F3 shows the carbon isotopic composition of ΣCO 2 and methane, with respect to the SMI, for all sites. Between the sites, the depth of the SMI varies between 10 and 67 mbsf (13 and 75 mcd); the order of increasing depth to SMI at 172 sites is 1058/1059, 1060, 1061, 1055, 1063, 1054, and 1062.
Dissolved CO 2
The carbon isotopic composition of the ΣCO 2 pool is most depleted in 13 C at the SMI at all sites, but the intensity of 13 C-depletion varies from site to site (Table T1 ). Starting at the sediment-water interface, ΣCO 2 becomes progressively enriched in 12 C with increasing depth into the sulfate reduction zone, reaching maximum 13 C depletion ( 12 C enrichment) at the SMI. Site 1058/1059 (-31.8‰ at 8.25 mbsf) exhibits the most depleted 13 C pool (Figs. F2, F3A) , whereas Site 1062 (-20.2‰ at 66.60 mbsf) is least depleted in 13 C at the SMI (Fig. F3A) . The mean value for δ 13 C ΣCO 2 at the SMI is -26.2 ± 5‰; the median value is -28.5‰. Sites in order of increasing 13 C depletion at the SMI are 1062, 1054, 1055, 1063, 1060, 1061, and 1058/1059. With increasing depth into the methanogenic zone, ΣCO 2 generally becomes progressively enriched in 13 C. Maximum 13 C enrichment occurs at Site 1054 (+12.2‰ at 195.70 mbsf) and minimum 13 C enrichment occurs at Site 1063 (-2.6‰ at 234.10 mbsf). The mean value of maximum 13 C enrichment for δ 13 C ΣCO 2 is +4.3 ± 4.8‰; the median value is +3.3‰. The sites in order of increasing 13 C enrichment are 1063, 1062, 1060, 1061, 1055, 1058/1059, and 1054. The δ 13 C values of ΣCO 2 at Sites 1061 (+3.3‰, 226 mbsf) and 1063 (-2.6‰, 234 mbsf) reach maximum values at ~171 and 215 m into the methanogenic zone, respectively, and then move toward increasing 13 C depletion with depth.
Methane
Methane δ 13 C values of samples collected from sediment voids range from -65.8 (Site 1054; 197.16 mbsf) to -91.4‰ (Site 1063; 100.66 mbsf) ( Table T2 ; Fig. F3B ). The mean and median δ 13 C values are -78.1 ± 6.2‰ and -79‰, respectively.
The carbon isotopic composition of methane is most depleted in 13 C nearest the SMI. Most methane samples are from sediment voids within core liners created by methane degassing during core recovery. Only when methane concentrations reach threshold levels are such gas-filled sediment voids available for sampling. However, at Site 1058/1059, six gas samples were collected in the uppermost methanogenic zone using T1. Concentration and isotopic data of interstitial constituents from Leg 172 sites, p. 13.
T2.
Carbon isotopic composition of interstitial methane and CO 2 gas at Leg 172 sites, p. 16. 
F3.
Carbon isotopic values of interstitial dissolved CO 2 and methane plotted relative to the SMI, p. 12.
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Reeburgh squeezers. The topmost sample has a δ 13 C value of -100.6‰, almost 15‰ more depleted than the first sediment void sample at Site 1058/1059, and ~9‰ more depleted than the most negative δ 13 C value of any other gas sample from Leg 172. Methane becomes progressively enriched in 13 C with increasing depth below the SMI (Fig. F3B) . Maximum 13 C enrichment occurs at Site 1054 (-65.8‰, 197 mbsf) , whereas 13 C enrichment (-82.8‰, 416 mbsf) is at a minimum at Site 1063.
DISCUSSION
Anaerobic methane oxidation is a key process that controls the isotopic composition of ΣCO 2 and methane near the sulfate-methane interface. Cycling between these two carbon pools within an open system causes large 13 C depletions (Borowski et al., 1997) . Because ΣCO 2 is so depleted in 13 C as it enters shallow methanogenic zone, when it serves as the substrate for CO 2 reduction the resultant methane is also strongly depleted in 13 C.
CO 2 reduction is the dominant methane-forming process within the shallow methanogenic zone of many marine deep-water localities (Whiticar et al., 1986) , and the Blake Ridge region is no exception (e.g., Claypool and Kaplan, 1974; Claypool and Threlkeld, 1983; Galimov and Kvenvolden, 1983) . Like other methane-rich regions, the carbon isotopic composition of each pool changes concomitantly with depth as 12 C is preferentially sequestered in methane. However, at some sites (1061 and 1063) the carbon isotopic composition of the pools begins to diverge with increasing depth as the ΣCO 2 pool becomes progressively enriched with 12 C. Paull et al. (2000) suggest that lower rates of microbial methane production coupled with delivery of CO 2 and methane from below combine to cause this divergence in isotopic trends. Advection perhaps occurs at Leg 172 sites as well, although its effects are usually not observed, probably because of inadequate hole depths. At Sites 1061 and 1063 (the deepest holes), δ 13 C ΣCO values become slowly but progressively lighter with increasing depth, moving toward typical δ 13 C values of Blake Ridge sedimentary organic matter (-21‰; Borowski et al., 1998) .
Data from ODP Leg 172 sites at the Blake-Bahama Ridge and Bermuda Rise are consistent with carbon isotopic data for ΣCO 2 and methane at other Blake Ridge sites (i.e., Sites 533, 994, 995, and 997; see references above) and at other continental margin sites worldwide (Borowski et al., 1997) . The processes that create these isotopic trends are pervasive within the world's continental-rise sediments, although many factors combine to control the absolute carbon isotopic composition of ΣCO 2 and methane.
CONCLUSION
The dissolved carbon dioxide and methane pools within marine, continental-rise pore waters are geochemically coupled to one another through anaerobic methane oxidation and CO 2 reduction. In methanerich settings, these processes cause consistent trends in isotopic composition that show: (1) maximum depletion of 13 C of the both pools near
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the sulfate-methane interface; and (2) increasing proportions of 13 C in the ΣCO 2 pool with increasing depth in the shallow methanogenic zone. At locations with sufficiently deep holes, δ 13 C values of ΣCO 2 may become more enriched in 12 C with increasing depth, moving in the direction of the carbon isotopic composition of sedimentary organic matter.
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CARBON ISOTOPIC COMPOSITION OF CO 2 , CO 2 GAS, AND METHANE 8 Figure F1 . Map showing the location of DSDP and ODP sites at the Carolina Rise, Blake Ridge, and Bahama Ridge. DSDP Leg 11 Sites 102, 103, and 104 (Hollister, Ewing, et al., 1972) and DSDP Leg 76 Site 533 (Sheridan, are shown with triangles. ODP Leg 164 sites are shown with circles; Sites 994, 995, and 997 (Paull, Matsumoto, Wallace, et al., 1996) have relevance to this study. ODP Leg 172 sites, noted by diamonds, include those on the Carolina Rise (1054-1057), on the Blake Ridge (1058-1061), and on the Bahama Ridge (1062) (Keigwin, Rio, Acton, et al., 1998) . Site 1063 is not plotted on the map but is located ~850 nmi east-northeast of the Blake Ridge on the northeast Bermuda Rise. The stippled areas encompass the region where bottom-simulating reflectors (BSRs) occur, indicative of the presence of gas hydrates within the sediments (Dillon and Paull, 1983) . Table T1 . Methane concentration is reported as micromolar units (µM) (Keigwin, Rio, Acton, et al., 1998) ; other concentration units are millimolar (mM). Carbon isotopic values are reported in per mil units (‰, relative to the Peedee belemnite [PDB] standard). ΣCO 2 isotopic values are tabulated in Table T1 ; methane isotopic values appear in Table T2 . In the shallow δ 13 C ΣCO2 profile, the shaded portion of the profile illustrates methane carbon in the CO 2 pool likely derived from methane through anaerobic methane oxidation, because marine sedimentary organic matter (SOM) is typically more 13 C-enriched than -30‰ PDB (Deines, 1980) . The hatched portion of the curve shows carbon likely derived from methane because the isotopic composition of average SOM in sediments of the Carolina Rise and Blake Ridge is -21‰ (e.g., Borowski, 1998) . The lower boundary of the curve is defined by a data point (-8.4‰, 33 .45 mcd) that is not shown. Carbon isotopic values of interstitial dissolved CO 2 and (B) methane plotted as a function below the seabed in meters (meters corrected depth, mcd; see Keigwin, Rio, Acton, et al., 1998) relative to the sulfate-methane interface (SMI). ΣCO 2 isotopic values are tabulated in Table T1 ; methane isotopic values appear in Table T2 . Site 995 data (ODP Leg 164) for ΣCO 2 and methane are from Borowski et al. (2000) and Paull et al. (2000) , respectively. 
